1. Effects of stimulation of the peripheral ends of the vagus nerves below the heart at 4 Hz continuously, and at 40 Hz for 1 s at 10 s intervals, have been compared in conscious calves below behavioural threshold.
INTRODUCTION
Several recent studies have revealed the fact that certain responses to parasympathetic stimulation are significantly potentiated by intermittent stimulation at a relatively high frequency (e.g. 20 Hz for 1 s at 10s intervals), above those which occur during continuous stimulation at the corresponding constant frequency, that would deliver the same total number of impulses in unit time (2 Hz). Such potentiation has been demonstrated in relation to the release of vasoactive intestinal peptide (VIP) from nerve terminals in the submaxillary gland of the cat and the associated Experimental procedures Preparatory surgical and experimental procedures were identical with those described previously (Bloom & Edwards, 1981) , except that both splanchnic nerves were cut immediately below the diaphragm and both adrenal glandswere also removed. Following adrenalectomy steroid replacement therapy was instituted by the administration of deoxycortisone acetate (circa 0-2 mg/kg) and cortisol (circa 10 0 mg/kg) by intramuscular injection.
The dorsal and ventral thoracic vagi were stimulated using a standard 10-20 V square wave stimulus (pulse width 05 ms) at 4 Hz continuously for 10 min, or at 40 Hz for 1 s at 10 s intervals, for the same period. This protocol was employed in order to compare the neuroendocrine responses to these two patterns of stimulation with the same total number of impulses delivered during the 10 min period of stimulation.
Estimations
Samples of arterial blood (6 ml) and lymph (2-3 ml) were collected into heparinized tubes at intervals before, during and after stimulation of the vagus nerves. Aprotinin (Trasylol, Bayer) was added to aliquots destined for peptide assays (1000 K.I.U./ml) before centrifugation at +4°C. Lymph and plasma were then sequestered at -20 'C. Glucose was measured enzymatically using a Beckman Glucose Analyzer 2, and intestinal lymph was estimated gravimetrically.
All peptide hormones were measured by radioimmunoassay (Bloom & Long, 1982) . Pancreatic glucagon was assayed using an antiserum relatively specific for pancreatic glucagon which was C-terminal reacting (Assan & Slusher, 1972) and gave zero values in human plasma after total pancreatectomy, reacting less than 5% with 'glucagon-like immunoreactivity of ileal origin' (enteroglucagon). Insulin, pancreatic polypeptide (PP) and vasoactive intestinal peptide (VIP) were also measured by radioimmunoassays that we have used routinely in the past (Albano, Ekins, Maritz & Turner, 1972; Adrian, Bloom, Bryant, Polak, Heitz & Barnes, 1976; .
Somatostatin-like immunoreactivity was estimated using an antiserum raised in a rabbit to ovine somatostatin-14. The Tyr-11 analogue was iodinated with 125I using lactoperoxidase. The assay could detect differences of plasma somatostatin between individual samples of 4 pmol/l with 95 % confidence. The assay fully cross-reacted with somatostatin-28 but reacted poorly or not at all with fragments or shortened analogues. Gastric inhibitory peptide-like immunoreactivity was measured using an antiserum raised to the pure natural porcine peptide in rabbits. Natural gastric inhibitory peptide (GIP) was iodinated by lactoperoxidase. The assay also detected big GIP but did not show any cross-reaction with glucagon, secretin or VIP. Differences of 3 pmol/l plasma could be detected between individual samples with 95% confidence (Sarson, Bryant & Bloom, 1980) . Gastrin releasing peptide (GRP) or mammalian bombesin-like immunoreactivity was assayed using an antiserum raised to synthetic Lys3-bombesin conjugated with glutaraldehyde to bovine serum albumin in rabbits. The radioactive assay label was prepared, using a Tyr5-bombesin C-terminal nonapeptide analogue by chloramine-T oxidation and 1251. This assay detects bombesin and pure porcine GRP with equal potency and is capable of distinguishing changes in bombesin-like immunoreactivity of 5 pmol/l with 95 % confidence (Ghatei, Jung, Stevenson, Hillyard, Adrian, Lee, Christofides, Sarson, Mashiter, MacIntyre & Bloom, 1982) .
Gastrin-like immunoreactivity was measured using an antibody raised to gastrin-17 in rabbits. The assay fully detected gastrin-34 but shows less than 1 % cross-reactivity with cholecystokinin (i.e. CCK-8 and CCK-33). CCK was measured using an antiserum raised to CCK-8 in rabbits which showed 100 % cross-reaction with gastrin-17 and -34 and CCK-33 and -39. Total CCK and gastrinlike immunoreactivity was measured and gastrin-like immunoreactivity (specifically detected as described above) subtracted from the sum of the two types. The sensitivity ofthe assay for gastrin-like immunoreactivity was 1 pmol/l and for total cholecystokinin and gastrin-like immunoreactivity (C-terminal reacting) was also 1 pmol/l plasma. When used for low protein concentration solutions (such as chromatographic eluents) a larger sample volume can be added to the assay tube giving a sensitivity of 100 attomol/tube. Thus there was no difficulty in detecting the major molecular forms after chromatography of representative samples. This assay system showed no rise in plasma gastrin after a meal in animals that had previously undergone gastric antrectomy whereas the rise in CCK was unaltered. Chromatographic analysis by gel-permeation showed that CCK-like immunoreactivity eluted in two major peaks, one coinciding with the position of CCK-8 (approximately 60% of the total) and the other co-eluting in the position of cholecystokinin-33 and -39 (approximately 40% of the total) (Ghatei, Shepherd, O'Shaughnessy, Adrian, McGregor, Polak & Bloom, 1982) .
Statistical analyses were made according to the methods of Snedecor & Cochran (1967) , using
Student's t test, except where stated otherwise.
RESULTS

Cardiovascular and lymphatic responses
Neither stimulation of the peripheral ends of the thoracic vagi at 4 Hz continuously for 10 min, or at 40 Hz for 1 s at 10 s intervals for the same period, caused any noticeable change in mean aortic blood pressure or heart rate in conscious 3-6 week old calves. Both patterns of stimulation caused a steady rise in the flow of intestinal lymph, which had increased by about 30 ,ul/kg. min when stimulation was discontinued ( Fig. 3 ).
Pancreatic endocrine responses Both patterns of vagal stimulation caused an abrupt rise in the mean concentration of pancreatic glucagon in the arterial plasma, the extent and duration of which was roughly the same in both groups, and was associated with a small hyperglyeaemic response ( Fig. 1 ). Vagal stimulation also produced a substantial rise in mean plasma insulin concentration in these animals. The insulin response was greater in the group in which the nerves were stimulated at 4 Hz continuously (reaching a peak incremental value of 186+ 102 pmol/l at 71 min) than in the group in which the nerves were stimulated in bursts (peak incremental value at 71 min: 75 + 32 pmol/l) but the differences did not achieve statistical significance (Fig. 1) .
Vagal stimulation also produced a substantial rise in the concentration of PP in 27
T. E. ADRIAN, S. R. BLOOM AND A. V. EDWARDS plasma (Bloom & Edwards, 1980a) . Both patterns of stimulation produced a small rise in mean lymphatic VIP concentration (Fig. 3) . The rise during continuous stimulation was consistently greater than that during intermittent stimulation but the difference was not statistically significant. Both patterns of vagal stimulation produced a rapid and substantial rise in mean gastrin-like immunoreactivity in the arterial plasma of closely similar extent and duration. The mean plasma value had increased by about 20 pmol/l at 21 min in both groups. This level was maintained throughout the period of stimulation and then fell steadily to within the resting range over the subsequent 10 min (Fig. 4) . Stimulation of the vagi at 40 Hz for 1 s at 10 s intervals produced no obvious change in lymphatic gastrin-like immunoreactivity whereas continuous stimulation at 4 Hz elicited a steady rise to a peak incremental value of 9-0+ 2-5 pmol/l at 121 min (Fig. 4) . This response was found to be significantly greater than that to intermittent stimulation T. E. ADRIAN, S. R. BLOOM AND A. V. EDWARDS when the paired t test was applied individually to the areas under the curve (P < 0-02).
In contrast, neither form of stimulation produced a statistically significant rise in CCK-like immunoreactivity in the arterial plasma, but both elicited a small rise in the level in the intestinal lymph, amounting to 6+3 pmol/l at O min following intermittent stimulation and 6 + 2 pmol/l at 121 min following continuous stimulation (Fig. 5) . With the exception of the changes in lymphatic gastrin-like immunoreactivity the responses to both patterns of stimulation were closely similar and were therefore pooled for ease of comparison of the changes in gastrin-like and CCK-like immunoreactivities in the arterial plasma and intestinal lymph in response to vagal stimulation for 10 mmn at the average frequency of 4 Hz. The pooled data show that vagal stimulation produces a significantly greater rise in mean gastrin-like immunoreactivity in the arterial plasma than in the intestinal lymph (P < 0 05), whereas the rise in mean CCK-like immunoreactivity is greater in the intestinal lymph (P < 0 01) at the respective peaks.
Neither pattern of stimulation produced any statistically or physiologically significant change in the mean concentration of either bombesin-like or GIP-like immunoreactivity in the arterial plasma or intestinal lymph in these experiments.
Both patterns of vagal stimulation elicited a rise in mean somatostatin-like immunoreactivity in the intestinal lymph, together with associated changes in the arterial plasma. Continuous stimulation at 4 Hz caused a steady rise in mean lymphatic somatostatin-like immunoreactivity, which had risen to a peak incremental T. E. ADRIAN, S. R. BLOOM AND A. V. EDWARDS value of 67 + 36 pmol/l at 121 min and subsided thereafter; the mean plasma value was only moderately elevated during the period of stimulation under these conditions, but rose abruptly within 21 min when stimulation was discontinued; it invariably exceeded the values observed during and following stimulation in bursts. The latter pattern of stimulation produced a slower rise in mean lymphatic somatostatin-like immunoreactivity, which eventually achieved a roughly comparable incremental peak to that provoked by continuous stimulation (64 + 27 pmol/l), but at a much later stage (30 min); the plasma value was reduced during intermittent vagal stimulation but rose abruptly as soon as stimulation was discontinued, just as it had following continuous stimulation (Fig. 6 ).
DISCUSSION
The results of these experiments confirm our previous findings that the three pancreatic hormones, insulin, glucagon and PP, are all released in response to stimulation of the vagal innervation below behavioural threshold in conscious calves, as is VIP (Bloom & Edwards, 1981) . They extend these observations by showing that gastrin-like, CCK-like and somatostatin-like peptides are also released under these conditions, whereas GIP-and bombesin-like peptides are not. The characteristics of these responses to vagal stimulation differ from those that occur in response to splanchnic nerve stimulation, under precisely similar conditions, in a number ofways. Thus, the responses to splanchnic nerve stimulation tend to be strongly potentiated by stimulation in bursts (Bloom & Edwards, 1982; Bloom, Edwards & Ghatei, 1982) . Examples of such potentiation include the release of pancreatic glucagon and of glucose from the liver, together with the associated inhibition of insulin release, but the response which is most effectively enhanced when intermittent stimulation is employed in these animals is release of bombesin-like immunoreactivity. No such potentiation of any response was observed during vagal stimulation and neither pattern of stimulation produced any change in plasma bombesin-like immunoreactivity. As this peptide is believed to be restricted to, and released from, nerve terminals in the gastrointestinal tract (Dockray, Vaillant & Walsh, 1979; , these findings suggest that its distribution is limited to post-ganglionic sympathetic or intrinsic neurones in this species.
The most interesting finding to emerge from this study was the fact that vagal stimulation produced a significantly greater rise in gastrin-like immunoreactivity in the circulating plasma than in intestinal lymph, whereas the rise in CCK-like immunoreactivity in the same experiments was significantly greater in the lymph. The two peptides are closely related, but the balance of the available evidence suggests that gastrin exerts its action via the circulating blood under physiological conditions (Edkins, 1905; Gregory & Tracy, 1964; Walsh & Grossman, 1975) , whereas CCK-like peptides, which may also exert hormonal effects, have been identified in nerve terminals (Larsson & Rehfeld, 1979) and can therefore be regarded as putative neurotransmitters. VIP is also released from nerve terminals in the gastrointestinal tract (Larsson, 1976; Fahrenkrug, Galbo, Holst & Schaffalitzky de Muckadell, 1978; Fahrenkrug, Haglund, Jodal, Lundgren, Gibe & Schaffalitzky de Muckadell, 1978; Alumets, Fahrenkrug, Hiikanson, Schaffalitzky de Muckadell, Sundler & Uddman, 1979) and acts as a neurotransmitter (Bloom & Edwards, 1980b; Lundberg, Angghrd, 32 VAGAL STIMULATION IN BURSTS Fahrenkrug, H6kfelt & Mutt, 1980) . We have previously presented evidence that the change in lymphatic VIP concentration is a more reliable index of its release from the gastrointestinal tract than the changes which occur in the circulating blood (Edwards, Bircham, Mitchell & Bloom, 1978; Bloom & Edwards, 1980a) and the same appears to be true in the case of bombesin during splanchnic nerve stimulation in the conscious calf (S. R. Bloom, A. V. Edwards & M. A. Ghatei, unpublished observations) . Comparison of the changes in the concentrations of gastrin and CCK in the blood and lymph in the present experiments indicates that the molecule that probably acts exclusively in the classical hormonal fashion (gastrin) is preferentially released into the vascular system. Alternatively, it is just conceivable that it is inactivated less rapidly in the plasma than it is in extracellular fluid and lymph.
It is noteworthy that, whereas release of VIP from post-ganglionic parasympathetic neurones in the submaxillary gland of the cat is strongly potentiated by intermittent stimulation at relatively high frequencies (Andersson et al. 1982 b) , the opposite situation obtains during stimulation of the parasympathetic innervation to the gastrointestinal tract in the calf. This and other evidence indicates that potentiation by intermittent high-frequency stimulation is not characteristic of any particular transmitter or category of transmitter and one cannot therefore make any useful prediction about situations in which the phenomenon is likely to be encountered.
Somatostatin-like immunoreactivity has been identified in the vagus nerves of the cat (Uvniis-Wallensten, Efendic ' & Luft, 1978) and vagal stimulation apparently causes the release of small amounts of somatostatin into the antral lumen (Uvniis- Wallensten, Efendic' & Luft, 1977) but inhibits release of the peptide into the portal blood in the same species (Uvniis-Wallensten, Efendic, Roovete & Johansson, 1980). Holst and his colleagues (Holst, Sottimano, Olesen, Lindkaer, Jensen & Vagn Nielsen, 1981) have reported that vagal stimulation inhibits the release of somatostatin from both the stomach and pancreas in the pig, and both sets of results therefore seem to conflict with our present findings that the peptide is released from the gastrointestinal tract in response to vagal stimulation in the conscious calf. The situation is indubitably complicated by species differences, but it may be significant that continuous stimulation was more effective than intermittent stimulation at the corresponding higher frequency. Furthermore, vagal stimulation caused a steady rise in the concentration of the peptide in the intestinal lymph but the most pronounced changes in plasma somatostatin concentration occurred after stimulation had been discontinued (Fig. 6 ). Whereas release of somatostatin from the stomach and pancreas has been reported to be inhibited by stimulation of the sympathetic innervation in the pig (Holst et al. 1981 ), it appears to be released from the gastrointestinal tract in response to splanchnic nerve stimulation in the dog and this has been attributed to activation of f8-adrenoceptors (Samols & Weir, 1979; Samols, Stagner & Weir, 1981 ; Boden, Master, Sattler, Martin, Tansy & Owen, 1982) . In the conscious adrenalectomized calf splanchnic nerve stimulation also causes release of somatostatin from the gastrointestinal tract and, like the response to vagal stimulation, the rise in plasma somatostatin concentration is most pronounced immediately after stimulation is discontinued (S. R. Bloom & A. V. Edwards, unpublished observations) . The physiological significance of these findings is obscure and their elucidation will depend upon more detailed analyses in the future. 
